A silica resonator was demonstrated for random laser generation. The resonator consisted of a conventional microsphere fabricated in an optical fiber tip through electric arc discharge, and modifications to its geometry were carried out to create asymmetry inside the silica structure. The resulting Bunimovich stadium-like microsphere promotes multiple reflections with the boundaries, following the stochastic properties of dynamic billiards. The interference of the multiple scattered beams generates a random signal whose intensity was increased by sputter-coating the microstadium with a gold thin film. The random signal is amplified using an erbium-doped fiber amplifier (EDFA) in a ring cavity configuration with feedback, and lasing is identified as temporal and spectral random variations of the signal between consecutive measurements.
Introduction
Optical scattering has been considered undesirable for laser physics in the past, and measures were taken to make up for this phenomenon. However, for the past few decades, increasing attention is being addressed to introducing new applications and functionalities based on multiple scattering into new optical technologies, instead of merely avoiding the effect. Earlier, in 1967, Letokhov predicted the possibility of laser emission through a feedback mechanism based on multiple scattering of light [1] .
The conventional laser mainly consists of a material responsible for amplifying light of a particular wavelength by means of stimulated emission, and an optical cavity for confining the gain medium [2] . When the total gain surpasses the optical losses, threshold is reached and lasing occurs. A random laser is a class of lasers without a well-defined cavity. Instead, light is confined in the gain medium through multiple scattering. This means that, while in conventional lasers the optical modes and their frequency are determined by the optical cavity, in random lasers the modes are determined, with a specific frequency and bandwidth, by the interference of multiple scattering [3] . When gain is applied, random modes will selectively lase in space and time, due to the modes' competition for gain [4, 5] . Random lasers present some advantages over other lasers, including low production costs and simple technical design [6, 7] . Due to the fluctuations in their stochastic emission spectra, random lasers found applications such as in secure optical communications [8] and in random number generation [9] . Random lasers can be engineered to provide low spatial coherence, making them better candidates than conventional lasers for applications in speckle-free imaging and medical diagnosis [10] [11] [12] . Multiple scattering has been observed using a wide variety of disordered gain materials, including scattering powders [13] , zinc oxide nanoparticles [14] , microcavities with decoupled gain and scattering regions [5] , cold atoms [15] , and all-fiber gain media, such as D-shape cross section multimode fiber [16] , Er-doped single-mode fibers with randomly distributed Bragg gratings [17] , and organic nanofibers [18] .
In all the above-mentioned cases, scattered light is amplified inducing the necessary feedback for random lasing. In the present work, the feedback mechanism leading to light trapping within the scattering medium is achieved with a modified silica microsphere in the tip of a single mode optical fiber. The modified microsphere closely resembles the Bunimovich stadium, which follows the stochastic properties of motion in billiards [19] . In a conventional microsphere on a fiber tip, most of the light reflected on the tip of the microsphere goes back to the core of the fiber after one roundtrip. Owing to the shape of a Bunimovich stadium (a rectangle with a semicircle on each side), light scattered in the boundary is kept trapped inside the microstadium, promoting multiple interferences, and contributing to an increase in the random component of the signal. Microlasers have been developed in semiconductors [20] , dyes [21] , and polymers [22] , using 2D configurations based on Bunimovich stadium-like resonators. Such configurations include, for example, quasi-stadium [23, 24] , spiral [25] , annular [26] , and limaçon shapes [27] , and other alternative designs, such as an isosceles triangle with rounded corners [28] , and a circle connected to an isosceles trapezoid [29] . It was shown that, by tailoring the shape of stadium-like resonators, it was possible to optimize light confinement and achieve low laser threshold [30] . It was also shown that, although the major-to-minor axis ratio only slightly varies, the corresponding emission spectra drastically changes due to the different dynamics of rays trapped in each resonator. Other more complex geometries of stadium resonators, such as the single-nanowire [31] or micropillars with non-circular cross-sections [22] , require microfabrication which can be an expensive and time-consuming process.
In this paper, we present a Bunimovich stadium-like resonator for random signal generation. Unlike the above-mentioned geometries, this microstadium is a simple all-fiber resonator in a 3D configuration. The fabrication of the resonator was a low-cost process, uniquely involving a conventional fusion splicer. A gold coating was deposited over the structure, and the spectra before and after the deposition were compared. Placing the structure in a cavity ring configuration with feedback, lasing was identified as pulses randomly distributed in wavelength.
Materials and Methods
Asymmetry was achieved by fabricating a non-spherical resonator-microstadium-by splicing together two conventional microspheres, each in the tip of a cleaved single mode fiber (SMF). The spherical microspheres were prepared with a Sumitomo Electronics (TYPE-71C) conventional fusion splicer in manual mode (Figure 1a ). The two microspheres were spliced together by discharging multiple electric arcs (Figure 1c) , then cleaving one of the SMF fibers (Figure 1d ), and applying a final electric arc to uniformize the tip (Figure 1e ). The real values of power discharge were unknown since the fusion splicer shows relative values only. For the fabrication of the two conventional microspheres and for their splicing, the following parameters were selected: relative power of +100, 0 s pre-fusion time, and 4 s fusion time ( Figure 1a,c) ; for the last arc on the tip, the chosen parameters were: relative power of +100, 0 s pre-fusion time, and 2 s fusion time (Figure 1e ). The microstadium used in this study has a shape similar to an ellipse or a Bunimovich stadium, with an approximate 411 µm major axis and a 306 µm minor axis (Figure 1f ). diagnosis [10] [11] [12] . Multiple scattering has been observed using a wide variety of disordered gain materials, including scattering powders [13] , zinc oxide nanoparticles [14] , microcavities with decoupled gain and scattering regions [5] , cold atoms [15] , and all-fiber gain media, such as D-shape cross section multimode fiber [16] , Er-doped single-mode fibers with randomly distributed Bragg gratings [17] , and organic nanofibers [18] . In all the above-mentioned cases, scattered light is amplified inducing the necessary feedback for random lasing. In the present work, the feedback mechanism leading to light trapping within the scattering medium is achieved with a modified silica microsphere in the tip of a single mode optical fiber. The modified microsphere closely resembles the Bunimovich stadium, which follows the stochastic properties of motion in billiards [19] . In a conventional microsphere on a fiber tip, most of the light reflected on the tip of the microsphere goes back to the core of the fiber after one roundtrip. Owing to the shape of a Bunimovich stadium (a rectangle with a semicircle on each side), light scattered in the boundary is kept trapped inside the microstadium, promoting multiple interferences, and contributing to an increase in the random component of the signal. Microlasers have been developed in semiconductors [20] , dyes [21] , and polymers [22] , using 2D configurations based on Bunimovich stadium-like resonators. Such configurations include, for example, quasi-stadium [23, 24] , spiral [25] , annular [26] , and limaçon shapes [27] , and other alternative designs, such as an isosceles triangle with rounded corners [28] , and a circle connected to an isosceles trapezoid [29] . It was shown that, by tailoring the shape of stadium-like resonators, it was possible to optimize light confinement and achieve low laser threshold [30] . It was also shown that, although the major-tominor axis ratio only slightly varies, the corresponding emission spectra drastically changes due to the different dynamics of rays trapped in each resonator. Other more complex geometries of stadium resonators, such as the single-nanowire [31] or micropillars with non-circular cross-sections [22] , require microfabrication which can be an expensive and time-consuming process.
Asymmetry was achieved by fabricating a non-spherical resonator-microstadium-by splicing together two conventional microspheres, each in the tip of a cleaved single mode fiber (SMF). The spherical microspheres were prepared with a Sumitomo Electronics (TYPE-71C) conventional fusion splicer in manual mode ( Figure 1a ). The two microspheres were spliced together by discharging multiple electric arcs (Figure 1c ), then cleaving one of the SMF fibers (Figure 1d ), and applying a final electric arc to uniformize the tip (Figure 1e ). The real values of power discharge were unknown since the fusion splicer shows relative values only. For the fabrication of the two conventional microspheres and for their splicing, the following parameters were selected: relative power of +100, 0 s pre-fusion time, and 4 s fusion time ( Figure 1a,c) ; for the last arc on the tip, the chosen parameters were: relative power of +100, 0 s pre-fusion time, and 2 s fusion time (Figure 1e ). The microstadium used in this study has a shape similar to an ellipse or a Bunimovich stadium, with an approximate 411 μm major axis and a 306 μm minor axis ( Figure 1f ). Following its fabrication, the microstadium was sputter-coated with a gold thin film. The Au layer works as a mirror, confining light inside the microstadium. Zemax OpticStudio software was used to model optical ray tracing inside the structure, both before and after the gold coating deposition (Figure 2 ). For the uncoated resonator, most light is transmitted outwards, while only approximately 4% is reflected back to the microstadium, mostly following a similar path as the incident cone of light (Figure 2a) . The mirror coating introduces new light reflections, which travel different optical paths inside the silica structure. Therefore, the interference of the light coupled to the optical fiber contributes to random signal generation. To obtain a uniform and homogeneous coating over the whole microstadium surface, the deposition was performed in three steps, and the position of the fiber inside the deposition chamber was changed between each deposition. The initial pressure in the chamber before sputtering was in the order of 10 −7 mbar and, for a deposition rate of 0.41 nm/s, a thin film with 123 nm thickness was deposited during steps 1 and 2 after 5 min, and a 98 nm-thick film was deposited after 4 min during the third step. 
Results
The spectrum of the resonator was measured in reflection before and after the gold deposition, using a broadband light centered at 1550 nm. An optical circulator was used to couple light into a single mode optical fiber with the microstadium in its tip, and the reflected signal was measured and displayed in a Yokogawa AQ6370D optical spectrum analyzer (OSA). The OSA was previously normalized to a flat cleaved SMF.
For comparison, the spectrum of the stadium resonator ( Figure 3a -dark line) is depicted alongside the spectrum of a conventional microsphere (Figure 3a-light line) . The plot for the conventional microsphere shows a low amplitude signal, slightly decreasing in intensity for higher wavelengths. For the stadium resonator, new optical paths are introduced, which leads to multiple light reflections inside the structure, producing an interferometric spectral modulation with increased amplitude, similar to a random signal. However, the intensity of the random component is not considerably large, which was improved by coating the microstadium with a reflecting gold layer (Figure 3b ). In this case, light is trapped inside the microstadium, decreasing losses to the outside. Following its fabrication, the microstadium was sputter-coated with a gold thin film. The Au layer works as a mirror, confining light inside the microstadium. Zemax OpticStudio software was used to model optical ray tracing inside the structure, both before and after the gold coating deposition (Figure 2 ). For the uncoated resonator, most light is transmitted outwards, while only approximately 4% is reflected back to the microstadium, mostly following a similar path as the incident cone of light (Figure 2a) . The mirror coating introduces new light reflections, which travel different optical paths inside the silica structure. Therefore, the interference of the light coupled to the optical fiber contributes to random signal generation. To obtain a uniform and homogeneous coating over the whole microstadium surface, the deposition was performed in three steps, and the position of the fiber inside the deposition chamber was changed between each deposition. The initial pressure in the chamber before sputtering was in the order of 10 −7 mbar and, for a deposition rate of 0.41 nm/s, a thin film with 123 nm thickness was deposited during steps 1 and 2 after 5 min, and a 98 nm-thick film was deposited after 4 min during the third step. Following its fabrication, the microstadium was sputter-coated with a gold thin film. The Au layer works as a mirror, confining light inside the microstadium. Zemax OpticStudio software was used to model optical ray tracing inside the structure, both before and after the gold coating deposition (Figure 2 ). For the uncoated resonator, most light is transmitted outwards, while only approximately 4% is reflected back to the microstadium, mostly following a similar path as the incident cone of light (Figure 2a) . The mirror coating introduces new light reflections, which travel different optical paths inside the silica structure. Therefore, the interference of the light coupled to the optical fiber contributes to random signal generation. To obtain a uniform and homogeneous coating over the whole microstadium surface, the deposition was performed in three steps, and the position of the fiber inside the deposition chamber was changed between each deposition. The initial pressure in the chamber before sputtering was in the order of 10 −7 mbar and, for a deposition rate of 0.41 nm/s, a thin film with 123 nm thickness was deposited during steps 1 and 2 after 5 min, and a 98 nm-thick film was deposited after 4 min during the third step. 
For comparison, the spectrum of the stadium resonator (Figure 3a -dark line) is depicted alongside the spectrum of a conventional microsphere (Figure 3a-light line) . The plot for the conventional microsphere shows a low amplitude signal, slightly decreasing in intensity for higher wavelengths. For the stadium resonator, new optical paths are introduced, which leads to multiple light reflections inside the structure, producing an interferometric spectral modulation with increased amplitude, similar to a random signal. However, the intensity of the random component is not considerably large, which was improved by coating the microstadium with a reflecting gold layer (Figure 3b ). In this case, light is trapped inside the microstadium, decreasing losses to the outside. 
For comparison, the spectrum of the stadium resonator (Figure 3a -dark line) is depicted alongside the spectrum of a conventional microsphere (Figure 3a-light line) . The plot for the conventional microsphere shows a low amplitude signal, slightly decreasing in intensity for higher wavelengths. For the stadium resonator, new optical paths are introduced, which leads to multiple light reflections inside the structure, producing an interferometric spectral modulation with increased amplitude, similar to a random signal. However, the intensity of the random component is not considerably large, which was improved by coating the microstadium with a reflecting gold layer (Figure 3b ). In this case, light is trapped inside the microstadium, decreasing losses to the outside. The setup chosen for random laser operation consisted of a ring cavity configuration with feedback ( Figure 4 ). An IPG Photonics 1K-C3-W erbium-doped fiber amplifier (EDFA) was used as a power supply and signal amplifier. The signal from the EDFA was coupled into a single mode fiber with the microstadium in its tip, using a high power optical circulator. The signal resulting from the interference of the multiple reflections inside the structure is redirected by the optical circulator into a 90:10 optical coupler, in which the signal is divided. Ten percent of the signal is measured and depicted in an OSA, and the remaining 90% is reintroduced in the cavity ring, where it is amplified by the EDFA, and again coupled into the microstadium. The successive interference and amplification of the signal results in the random "selection" of a preferable wavelength, or wavelengths, by the microstadium, for which the power is higher. The experimental setup is depicted in the scheme below. A critical pumping power of 110 mW was required for the appearance of lasing peaks in the spectrum. Increasing the pumping power above threshold, the OSA depicted spectral peaks with higher power above a quasi-stationary background around 0 mW ( Figure 5 ). The multiple pulses are generated for random wavelengths selected by the microstadium, presenting the typical stochastic temporal and spectral behavior of a random laser. It is also possible to evince that lasing occurs around the highest gain region of the erbium spectrum, around 1531 nm. For each measurement, a power shift between pulses is observed, which translates into a random change in the peak's amplitude and also in the lasing wavelength. The measurements were taken consecutively, within just a few seconds, likely not enough time to increase the microstadium's temperature or to increase The setup chosen for random laser operation consisted of a ring cavity configuration with feedback ( Figure 4 ). An IPG Photonics 1K-C3-W erbium-doped fiber amplifier (EDFA) was used as a power supply and signal amplifier. The signal from the EDFA was coupled into a single mode fiber with the microstadium in its tip, using a high power optical circulator. The signal resulting from the interference of the multiple reflections inside the structure is redirected by the optical circulator into a 90:10 optical coupler, in which the signal is divided. Ten percent of the signal is measured and depicted in an OSA, and the remaining 90% is reintroduced in the cavity ring, where it is amplified by the EDFA, and again coupled into the microstadium. The successive interference and amplification of the signal results in the random "selection" of a preferable wavelength, or wavelengths, by the microstadium, for which the power is higher. The experimental setup is depicted in the scheme below. The setup chosen for random laser operation consisted of a ring cavity configuration with feedback ( Figure 4 ). An IPG Photonics 1K-C3-W erbium-doped fiber amplifier (EDFA) was used as a power supply and signal amplifier. The signal from the EDFA was coupled into a single mode fiber with the microstadium in its tip, using a high power optical circulator. The signal resulting from the interference of the multiple reflections inside the structure is redirected by the optical circulator into a 90:10 optical coupler, in which the signal is divided. Ten percent of the signal is measured and depicted in an OSA, and the remaining 90% is reintroduced in the cavity ring, where it is amplified by the EDFA, and again coupled into the microstadium. The successive interference and amplification of the signal results in the random "selection" of a preferable wavelength, or wavelengths, by the microstadium, for which the power is higher. The experimental setup is depicted in the scheme below. Figure 4 . Schematic of the optical setup for random fiber laser operation using the microstadium. OSA-optical spectrum analyzer; EDFA-erbium-doped fiber amplifier.
A critical pumping power of 110 mW was required for the appearance of lasing peaks in the spectrum. Increasing the pumping power above threshold, the OSA depicted spectral peaks with higher power above a quasi-stationary background around 0 mW ( Figure 5 ). The multiple pulses are generated for random wavelengths selected by the microstadium, presenting the typical stochastic temporal and spectral behavior of a random laser. It is also possible to evince that lasing occurs around the highest gain region of the erbium spectrum, around 1531 nm. For each measurement, a power shift between pulses is observed, which translates into a random change in the peak's amplitude and also in the lasing wavelength. The measurements were taken consecutively, within just a few seconds, likely not enough time to increase the microstadium's temperature or to increase Figure 4 . Schematic of the optical setup for random fiber laser operation using the microstadium. OSA-optical spectrum analyzer; EDFA-erbium-doped fiber amplifier.
A critical pumping power of 110 mW was required for the appearance of lasing peaks in the spectrum. Increasing the pumping power above threshold, the OSA depicted spectral peaks with higher power above a quasi-stationary background around 0 mW ( Figure 5 ). The multiple pulses are generated for random wavelengths selected by the microstadium, presenting the typical stochastic temporal and spectral behavior of a random laser. It is also possible to evince that lasing occurs around the highest gain region of the erbium spectrum, around 1531 nm. For each measurement, a power shift between pulses is observed, which translates into a random change in the peak's amplitude and also in the lasing wavelength. The measurements were taken consecutively, within just a few seconds, likely not enough time to increase the microstadium's temperature or to increase its volume due to thermal expansion. If the volume is kept unchanged, in principle there will not be any modifications to the optical paths inside the microstadium, and therefore the cavities will remain constant from one measurement to the next. Nonetheless, the shot-by-shot spectra in Figure 5 changes, which is due to variations in the random component of the signal even when external parameters or experimental conditions are kept constant. These shot-by-shot fluctuations, a term coined by Antenucci et al., are dictated by the modes and the overlap between them [32].
its volume due to thermal expansion. If the volume is kept unchanged, in principle there will not be any modifications to the optical paths inside the microstadium, and therefore the cavities will remain constant from one measurement to the next. Nonetheless, the shot-by-shot spectra in Figure 5 changes, which is due to variations in the random component of the signal even when external parameters or experimental conditions are kept constant. These shot-by-shot fluctuations, a term coined by Antenucci et al., are dictated by the modes and the overlap between them [32]. Lasing was demonstrated for the proposed microstadium geometry; however, the peak power is low due to the coupling to the microstadium. Despite the gold coating, the microstadium shows high losses in reflection which indicates that the back reflected light is not fully coupled and guided in the fiber core. While in conventional random lasers the numerical aperture has no impact on the output power, in the present 3D configuration this parameter can be a limiting factor on the amount of light being coupled from the microstadium into the core of the SMF. In the future, multimode fibers could be used to increase efficiency since their core diameter is substantially larger.
Discussion and Conclusions
A silica microstadium in an optical fiber tip was demonstrated for random laser generation. The microstadium geometry resembles a Bunimovich stadium, and its fabrication was obtained by creating and modifying a conventional microsphere using uniquely electric arc. The asymmetry of this geometry introduces new optical paths, and the interference of light reflections inside the microstadium were amplified by sputter-coating the structure with a uniform gold layer.
Lasing was achieved by introducing the microstadium in a ring cavity configuration alongside with an EDFA, and random lasing was identified as temporal and spectral random variations of the signal between consecutive measurements. The laser output power obtained was still low, for which silica microstadiums in multimode fiber tips could be considered in future studies. Possibilities to use microstadiums for wavelength-tunable laser configurations will also be endorsed. 
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